An important computational technique for extracting the wealth of information hidden in human genomic sequence data is to compare the sequence with that from the corresponding region of the mouse genome, looking for segments that are conserved over evolutionary time. Moreover, the approach generalises to comparison of sequences from any two related species. The underlying rationale (which is abundantly confirmed by observation) is that a random mutation in a functional region is usually deleterious to the organism, and hence unlikely to become fixed in the population, whereas mutations in a non-functional region are free to accumulate over time. The potential value of this approach is so attractive that the public and private projects to sequence the human genome are now turning to sequencing the mouse, and you will soon be able to compare the human and mouse sequences of your favourite genomic region. We are currently witnessing an explosion of computer tools for comparative analysis of two genomic sequences. Here the capabilities of two new network servers for comparing genomic sequences from any pair of closely related species are sketched. The Syntenic Gene Prediction Program SGP-1 utilises sequence comparisons to enhance the ability to locate protein coding segments in genomic data. PipMaker attempts to determine all conserved genomic regions, regardless of their function.
INTRODUCTION
Recent announcements from the public and private sectors suggest that the human genome has been sequenced. In practice, however, even when all of the remaining gaps are filled, the task of interpreting the data will have only begun. This is illustrated by conflicting opinions recently published on the number of human genes, with some authors predicting 35,000 genes 1 and others predicting 120,000. 2 Suffice it to say that there is currently a great need for additional techniques that are effective at identifying genes in animal and plant genomes. Moreover, looking beyond the time when all protein-coding regions in a given genome have been determined, there will be a strong demand for techniques for finding non-coding functional segments of DNA.
Comparison of genomic sequence data from humans and mice, or from another appropriate pair of species such as Caenorhabditis elegans and C. briggsae, 3 is one of the most effective methods for identifying genes and other segments of DNA that perform some essential function. This approach is simply a modern application of a technique that has successfully identified functional regions in protein and DNA sequences for over a decade, sometimes called 'phylogenetic footprinting'. 4 However, details of accomplishing the sequence comparison have the twist that the sequences being compared are few in number (typically two) though frequently exceedingly long. A second novel feature is that the comparison needs to be automatic as possible, with accurate and concise summaries of the alignment information given to the user, since to inspect every position manually in an alignment of two million base-pair (bp) sequences is impossible.
In response to these needs, computer programs are being developed to compare long genomic sequences efficiently. Some of them use the comparisons to improve the accuracy of gene predictions, [5] [6] [7] while others aim to align orthologous DNA sequences regardless of their function, if any. [8] [9] [10] [11] Table 1 gives the available network resources of these two types that are known to us; some of these sites provide servers that analyse user-supplied sequences, while others supply software to be down-loaded and run on the user's computer. Here two of these servers are described, followed by a discussion of where the authors think the field needs to go.
SGP AND GENE PREDICTION
The homology-based gene prediction programs SGP-1 and SGP-2, which are still under development and will be described in detail in another paper, start with a set of alignments between the two genomic sequences, such as those produced by TBLASTX 12 or Sim96. 13 Then, an exhaustive list of candidate exons is predicted independently in each sequence. The lists are filtered and rescored in accordance with the set of local alignments. Finally, the candidates that survive filtering and rescoring are subjected to a gene assembly routine which maximises the sum of the scores of the assembled exons.
14 The routine returns gene models separately in each sequence, where multiple genes on either strand may be predicted. SGP-1 and SGP-2 differ in the way in which candidate exons are filtered and rescored using the set of local alignments. In SGP-1, only those candidate exon pairs are retained that are compatible with the alignment. These pairs receive a score based on their amino acid similarity as measured by a substitution matrix (such as BLOSUM or PAM). Thus, SGP-1 requires conservation of the exon structure between homologous genes, which is often the case for human-murine homologues. In SGP-2, on the other hand, every genomic position is assigned a score that balances coding potential and the score of the local alignments containing the position. Thus, SGP-2 does not necessarily require the existence of a homologous exon.
To fully appreciate the promises and limitations of gene-predictionby-homology, one needs to understand that the effectiveness of this approach is quite sensitive to the evolutionary properties of the sequences being compared. Problems arise because rates of neutral evolution may differ widely along the genome. This leads to differing levels of conservation in coding versus noncoding regions, and hence to differing levels of program effectiveness.
To provide a brief but objective illustration of homology-based gene prediction using human and mouse genomic sequences, and to emphasise our point about differing levels of sequence conservation, the programs SGP-1 and SGP-2 were run on sequences from three genomic loci. The regions differ widely in the apparent rate that mutations are fixed at non-functional (eg synonymous or non-coding) sites, which we believe to be a major factor influencing the effectiveness of homology-based gene prediction. The HOX-D cluster shows an extremely high level of conservation between humans and mice throughout the introns and inter-genic regions, while the ERCC2 region is extremely poorly conserved, 15 and the MHC (major histocompatibility complex) region is somewhere in the middle.
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Performance was measured using the most widely accepted criteria, 16 which assess accuracy at the nucleotide and exon levels in terms of sensitivity (fraction of correct results that are predicted by the method) and specificity (fraction of the predicted results that are correct). The average correlation (AC) coefficient combines sensitivity and specificity into a single measure of goodness.
Performance figures are given in Table  2 , where for comparison corresponding results are included for the ab initio gene prediction programs Genscan 17 and GeneID 17A and for TBLASTX, 12 a program that compares DNA sequence at the amino acid level, and therefore can be by guest on July 20, 2015 http://bib.oxfordjournals.org/ Downloaded from used to locate conserved potential coding regions in otherwise anonymous genomic sequences. Here, TBLASTX was used with default parameters, and resulting high-scoring segment pairs (HSPs) with scores higher than 120 were projected on the sequence, and the projections taken to be predicted exons.
To evaluate prediction accuracy, predicted exons have been considered correct when they overlapped actual coding exons, even if they did so in the wrong strand. This may lead to an over-optimistic estimation of accuracy, but it allows for comparison with TBLASTX output, from which it is difficult to infer the strand in which the similarity occurs. The rate of synonymous substitutions in coding regions was determined with PAML v. 3.0.
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Two points that are apparent in the data of Table 2 must be emphasised. First, these data indicate that homology-based gene prediction is particularly useful for enhancing specificity. This characteristic seems very desirable, given that current methods for ab initio gene prediction are not very specific in large genomic regions. 19 Second, gene prediction accuracy with homology-based programs strongly depends on the rate of neutral conservation between the sequences considered. Highly conserved regions tend to yield little sensitivity on nucleotide level if coding potential is neglected. Generally specificity and AC increase with decreasing conservation level. At the exon level, sensitivity, specificity and the number of missing exons tend to increase with decreasing conservation, while the number of wrong exons decreases (comparing numbers within the same species). This is, of course, exaggerated in the case of TBLASTX, a program relying purely on sequence conservation. Its results, however, can be improved by post-processing such as penalising alignments with stop codons. Interestingly, even when strong sequence conservation exists in non-coding regions, comparison of syntenic regions can be useful when features other than pure sequence conservation, such as conservation of exonic structure, are taken into account, as the relative success of SGP-1 with respect to SGP-2 in the highly conserved HOX region shows. Performance of SGP-1 and SGP-2 tends to equilibrate when sequence conservation is concentrated in coding regions. Not surprisingly, no clear such trends are to be observed for traditional gene prediction programs such as GenScan.
PIPMAKER AND REGULATORY REGIONS
Comparison of the human genome sequence with sequence from other mammals will help complete the cataloguing of all mammalian genes. Indeed, there will probably be a significant number of genes that are detected only by this means, owing to brevity and scarcity of their expression. Despite the difficulties, the identification of mammalian proteins should be essentially complete within a few years. A handful of genes common to humans and mice may escape detection for a longer period, of course, but the number is expected to be very small.
On the other hand, it is predicted that for decades to come, genomic sequence comparisons will be fruitfully applied to locate other functional regions within the two genomes. Perhaps the most important class of these regions is that of the genomic segments that regulate gene transcription, though discovery is anticipated of conserved regions performing additional functions that are at best dimly understood at this time.
Currently available tools for finding conserved genomic regions include the general-purpose BLAST server at the National Center for Biotechnology Information 20 and similar database-searching web sites at a number of institutions, as well as the sites devoted specifically to the task ( Table 1) . The user could, for instance, submit a piece of mouse genomic sequence to BLAST and enhanced specificity of gene prediction conservation and specificity are inversely related 07-wiehe.p65 11/23/00, 11:55 AM 384 find all strong matches to any of the publicly available human genomic sequences. Assuming that the mouse sequence contains at least one exon of moderate length (say at least 100 bp), then chances are good of finding an homologous human sequence by this means. Then, given the homologous pair of sequences, a more sensitive search can be applied to look for more subtle similarities.
A server, called PipMaker, that provides high-resolution analysis of two similar genomic sequence was recently announced. 9 The user submits two sequences and, optionally, additional information such as the locations of exons and interspersed repeats. The server aligns the two sequences and returns several forms of the resulting alignments, including graphical overviews.
For instance, Figure 1 gives a view called the 'percentage identity plot', or PIP, of a small genomic region containing the genes IL-4 and IL-13. These interleukins are noteworthy for the extremely low level of sequence conservation in the coding regions (which is not uncommon for genes associated with the immune system) and because an extremely well-conserved non-coding region lies between them. The conserved non-coding region located around 239.8 kb in Figure 1 has been shown 21 to be a powerful enhancer of transcription, controlling IL-4 and IL-13 as well as the IL-5 gene, which lies 100 kb away and on the other side of the ubiquitously expressed Rad50 gene. This example and others 22 illustrate the potential power of human/mouse comparisons for identifying important transcriptional regulators, which currently cannot be found effectively by any other computational means.
DISCUSSION AND FUTURE DIRECTION
A variety of comparative maps of the chromosomal locations of orthologous human and mouse genes are available on the World-Wide Web. 23 These allow biological information for one species to be readily extrapolated to the other. The sudden availability of genomic sequence data opens the possibility of higher-resolution genomic comparisons -right down to the nucleotide level.
A small number of web sites are currently available to help a biologist seeking to compare homologous (ie orthologous or paralogous) genomic sequences. SGP-1 and PipMaker are two such sites, with substantially different aims. SGP-1 is for gene prediction, while PipMaker is intended for finding genomic segments with an important but unspecified function. Users of these or similar tools should keep in mind that the type and level of detail that can be gleaned by comparing two genomic sequences depend on the extent of neutral divergence between them. For instance, at a genomic locus where the background divergence is low, even non-functional regions may show a Figure 1 : Percentage identity plot of humanmouse alignments around the IL-4 and IL-13 genes. Each tiny horizontal line depicts an alignment segment between successive gaps, the horizontal axis indicates position in the human sequence, and the vertical axis is percentage nucleotide identity. Although the exons (black boxes) are difficult to distinguish from introns and intergenic DNA based on sequence similarity (which is unusual with human/mouse comparisons), a 400 bp non-coding region around human position 239.8 kb stands out clearly.
poorly conserved genes with a highly conserved regulatory region detectable similarity between humans and mice. In such cases, it may be fruitful to compare one of the mammalian sequences with the sequence from a more distant vertebrate, such as a bird or a fish. Conversely, in quickly evolving regions it can happen that the only detectable human-mouse matches are in protein-coding regions. Under those conditions, it might be possible to find, say, regulatory regions by comparing sequences of two closer species, such as human and monkey or mouse and rat.
Finally, there are many challenges that are not adequately addressed by some or all of the current tools. Awareness of these shortcomings is important for potential users of these tools, so they will not expect too much, and will view the results with a healthy scepticism. It is hoped also that tools developers will find these suggestions informative.
Tool developers need to treat the forms of genomic sequence data actually being produced. Programs for gene-predictionby-homology should not be limited to human-mouse sequences, since there will soon be large volumes of data from other pairs of species that could benefit from these methods. Frequently one (or both) of the sequences is unfinished, ie either 'working draft' or shotgun data. A working draft sequence consists of several, or even many, contigs (contiguous sequences) that cover most of a large genomic clone (eg a BAC, bacterial artificial chromosome). Besides being incomplete and frequently lacking information about the contigs' relative order and orientations, a working draft sequence has lower accuracy than does a finished sequence, since it frequently contains ambiguous nucleotides (most often N), and is often plagued by false assemblies (contigs that are not actually contiguous in the genome). Gene prediction software may be confounded by these characteristics. Currently, many tools proposed for comparison of human and mouse genomic sequences assume that both sequences are finished, or at least restricted to one particular layout of the contigs. An exception is PipMaker, which permits one of the two sequences to be given as unoriented and unordered contigs.
Initial sequencing of the mouse genome may include a whole-genome shotgun procedure, which generates individual 'reads' of typical lengths around 500 bp and error rates around 1 per cent. Such data from the mouse appear to be quite effective for finding protein-coding regions in human genomic sequence. 24 As a computational problem, utilisation of such data is similar to searching a database of mouse ESTs (expressed sequence tags) with a human genomic sequence, and a database searching tool that compares conceptual translations of the human genomic sequence and the mouse fragments in all reading frames is appropriate. However, work remains to be done on establishing such a server that is tuned for, or even verified as reasonable for, this problem and which will include masking or filtering repeat sequences.
Another shortcoming is that some existing programs do not correctly handle local rearrangements between the sequences (even assuming that the data are 100 per cent accurate). For instance, current versions of the programs SGP-1 assume colinearity of gene order in both sequences. SGP-2 is being designed to overcome this limitation, and it does not assume any particular gene structure within the genomic sequences to be compared. It can happen that humans have three copies of a tandemly duplicated gene while the mouse has only two, and blind application of certain tools would detect at most two of the human genes. Fortunately, if the tools are used with a little care, this restriction does not compromise prediction accuracy to a great extent in the case of human/mouse comparisons. Also, the possibility of recombination and inversion events -the latter being particularly frequent, for example, within the genus Drosophila -need to be taken into account when comparing two genome sequences. To attain maximal utility, methods based on comparing genomic sequences need to be smoothly integrated with other computational approaches. For gene prediction, clues based on comparison of genomic sequences need to be combined with other sorts of evidence, such as database searches and CpG frequency, either automatically or by presentation of a composite graphical summary. 25 For finding regulatory regions, sequence conservation can be augmented by identification of consensus sequences for transcription factor binding sites. 26 Despite these shortcomings, and particularly given an awareness of them, the interested biologist has access to network sites that greatly simplify the job of comparing two genomic sequences. We have every reason to expect that the availability and capability of these resources will expand very quickly in response to the current explosion of animal and plant genomic sequence data.
